Purpose: To evaluate the reproducibility and utility of quantitative magnetic resonance imaging (MRI) sequences for the assessment of kidneys in young adults with normal renal function (eGFR ranged from 90 to 130 mL/min/1.73 m 2 ) and patients with early renal disease (autosomal dominant polycystic kidney disease). Materials and methods: This prospective case-control study was performed on ten normal young adults (18-30 years old) and ten age-and sex-matched patients with early renal parenchymal disease (autosomal dominant polycystic kidney disease). All subjects underwent a comprehensive kidney MRI protocol, including qualitative imaging: T1w, T2w, FIESTA, and quantitative imaging: 2D cine phase contrast of the renal arteries, and parenchymal diffusion weighted imaging (DWI), magnetization transfer imaging (MTI), blood oxygen level dependent (BOLD) imaging, and magnetic resonance elastography (MRE). The normal controls were imaged on two separate occasions ‡24 h apart (range 24-210 h) to assess reproducibility of the measurements. Results: Quantitative MR imaging sequences were found to be reproducible. The mean ± SD absolute percent difference between quantitative parameters measured ‡24 h apart were: MTI-derived ratio = 4.5 ± 3.6%, DWI-derived apparent diffusion coefficient (ADC) = 6.5 ± 3.4%, BOLD-derived R2* = 7.4 ± 5.9%, and MRE-derived tissue stiffness = 7.6 ± 3.3%. Compared with controls, the ADPKD patient's noncystic renal parenchyma (NCRP) had statistically significant differences with regard to quantitative parenchymal measures: lower MTI percent ratios (16.3 ± 4.4 vs. 23.8 ± 1.2, p < 0.05), higher ADCs (2.46 ± 0.20 vs. 2.18 ± 0.10 9 10 -3 mm 2 /s, p < 0.05), lower R2*s (14.9 ± 1.7 vs. 18.1 ± 1.6 s -1 , p < 0.05), and lower tissue stiffness (3.2 ± 0.3 vs. 3.8 ± 0.5 kPa, p < 0.05).
Renal parenchymal disease and dysfunction is a major cause of morbidity, as well as health care costs in the U.S. In 2014, there were 4.5 million American adults diagnosed with kidney disease [1] . Kidney disease also ranks in the top ten causes of death [2] . Unfortunately, there are limited tests available today to evaluate renal function and/or disease progression. Glomerular filtration rate (GFR) is generally considered the best indicator of renal function [3] . The most commonly used measurement technique to estimate GFR (eGFR) utilizes serum creatinine levels as a surrogate measure of kidney function [4] . However, these measurements can vary widely and patients with serum creatinine levels within the ''normal range'' may actually have significant reduction in renal function [5] . Therefore, quantitative techniques that can add to the assessment of renal structure and function are drastically needed.
Quantitative MRI techniques provide new imaging biomarkers that could facilitate a comprehensive characterization of the kidney tissue and function in various states of health and disease [6] . These quantitative MR techniques could aid in a deeper understanding of the function and composition of a patient's renal tissue which could provide a more accurate and earlier assessment of renal disease and facilitate earlier interventions to halt or slow down renal disease progression [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
In an attempt to evaluate these newer quantitative MR techniques, we developed an extensive MR imaging protocol that explores a number of newly established quantitative MRI techniques in order to test the reproducibility of the approaches, as well as explore their utility in the evaluation of young patients with autosomal dominant polycystic kidney disease (ADPKD). In particular, to assess whether differences in non-cystic renal parenchyma (NCRP) was quantifiable and different than in age matched controls, we designed a pilot study evaluating ten young (aged 18-30) ADPKD patients with normal renal function, and ten age-and sexmatched normal controls.
Materials and methods

Cohort
Approval from our Institutional Review Board was obtained for this study which adheres to the Declaration of Helsinki. This clinical trial was registered in 2014 (Registration# 000000000). A statement of informed consent was obtained from all study participants. Ten ADPKD patients (6F, 4M) between the ages of 18-30 and ten age-and sex-matched normal non-ADPKD controls were enrolled in this study. A careful set of criteria were used for determining inclusion/exclusion of participants (Table 1) .
Once the study subject gave informed consent, they were asked to complete a health questionnaire and their height and weight were measured. The MRI was performed between 6 and 7 am on all subjects to minimize potential diurnal variations in renal physiologic function.
Subjects fasted the previous evening from 8 pm to enable a controlled hydration status for all subjects. Each normal subject was also studied a second time using the same imaging parameters within 1-7 days of the original MR to determine day-to-day inherent subject variability. Urine and blood samples were also collected on the day of the examination. Standard blood pressure measurements were made on all patients in the MR scanning room prior to all MR studies. MR scan for all study participants was completed between 12/18/2014 and 03/24/2016.
MRI data
All MR acquisitions were acquired on a GE 3T scanner (GE Medical Systems, Discovery MR750w) in the supine position utilizing a multichannel surface coil. No intravenous contrast was used. The sequences included in the imaging protocol were conventional SSFSE axial, coronal, and sagittal scout images followed by T1 (coronal lava sequence, with 10°flip angle, and reconstructed voxel resolution in plane of~1 mm, and slice thickness of 3 mm) and T2-weighted (coronal fast spin echo, TE = 100 ms, TR = min, with reconstructed voxel resolution in plane of~1 mm, and slice thickness of 3 mm) breath hold images for anatomic details.
Following scout and routine anatomic pulse sequences and quantitative pulse sequences were obtained. Axial, breath-held diffusion weighted sequences were acquired with spin echo pulse sequence and b-values of 0, 20, 30, 40, 60, 80, 100, 120, 140, 160, 180, 200, 240, 300, 400, 500, 600, 700, 800, 900, and 1000 s/mm 2 . Blood oxygen level-dependent (BOLD) images of the kidneys were acquired with a fast gradient echo pulse sequence (TR = 90 ms, flip angle = 20°) utilizing 12 different consecutive echo times of 3, 8, 13, 18, 22, 27, 32, 37, 42, Following breath-held coronal and oblique coronal fast imaging employing steady-state acquisition (FIES-TA) localizing images of the renal arteries, cine phase contrast renal blood flow acquisitions were obtained perpendicular to each renal artery utilizing a velocity encoding (VENC) value of 100 cm/s. Finally, MR Elastography acquisitions were obtained utilizing a passive driver for each kidney positioned posteriorly over each kidney. The drivers were placed above the iliac crest and below the 12th rib on either side of the spine. The MR Elastography was a coronal flow compensated, single shot, spin echo, echoplanar sequence performed at 90 Hz frequency. The slices covered the entire anterior to posterior extent of the kidneys with slice thickness of 3 mm.
Kidney segmentation
A trained medical image analyst (Y, >3 years' experience) performed kidney segmentation semi-automatically utilizing the MIROS software package [24] . The software package has an interactive viewer that allows visualization of the image data in coronal, sagittal, and axial planes. Segmentations can be overlaid and edited with a range of interactive tools. The MIROS algorithm was implemented in the Python programming language and has a push-button that starts the interactive tool for defining crude polygon contours of the kidneys. We performed the MIROS method on the T2-weighted images, obtaining user input every third slice (every 9 mm). After segmentation of each kidney by MIROS, the interactive tools were used to perform quality assurance and finalize the segmentation. Total kidney volume was measured from these segmentations. Cyst segmentations were performed manually and were used to calculate cystic burden of the kidneys. Cyst segmentations took 45-60 min per case dependent on disease severity. A registration-based approach was used to transfer the kidney and cyst segmentations to the BOLD, DWI, and MT acquisitions in order to measure the quantitative MRI parameters in NCRP regions. MRE data were segmented manually.
Image processing
In house software was developed to process the majority of the quantitative scans. Here, we detail the processing steps carried out for each quantitative scan.
BOLD
The BOLD protocol obtained a series of images with 12 different echo times. In order to correct for motion, a 2D affine registration was performed which registered each echo time to the lowest that was performed. Mono-exponential fitting was performed on a pixel-wise bases on the series of images in order to derive R2*, which is inversely related to the rate of spin dephasing (1/T2*) and is here used as the BOLD parameter (a surrogate for the amount of deoxyhemoglobin in the blood) DWI
The DWI protocol obtained a series of images with different diffusion weightings, 21 in total. In order to correct for motion, a 2D affine registration was performed which registered each b-value to the lowest that was performed. Both mono-exponential and biexponential pixel-wise fitting were performed in order to derive apparent diffusion coefficient (ADC) and intravoxel incoherent motion measurements (IVIM). With IVIM, decomposition of the signal into pure diffusion (D), and pseudo-diffusion (D*) (with contributions from perfusion and tubular flow) is achieved. Also perfusion fraction (PF) can be calculated. These are derived from
, where S 0 is the signal at b = 0. MT Two image acquisitions were performed, one with, and one without an offset RF pulse at 1.5 kHz. Due to the fact that the two images were acquired over different breathholds, image registration was used to improve alignment of the two scans. The magnetization transfer ratio was then calculated as (M 0 -M S )/ M 0 9 100%. MRE Tissue stiffness was measured on a separate workstation (Advantage Windows, AD 4.0, GE) with anatomical images and corresponding stiffness maps displayed side by side. Region of interest (ROI) was drawn on anatomical images excluding the kidney edges, renal hilum, and pelvis. The ROIs were then copy pasted on to stiffness maps to obtain the measurement of tissue stiffness values (kilopascals, kPa). ROIs were initially drawn by a research trainee (MD) and verified by boardcertified abdominal radiologist with 10 years' experience in MR Elastography. The ROIs were copy pasted onto the stiffness maps to obtain stiffness values. The stiffness obtained with each ROI was averaged to the mean stiffness of each kidney. In the case of ADPKD patients with cysts, ROIs excluded all cysts identified on the magnitude (anatomical image) and only NCRP stiffness was measured.
Analysis
The median of the quantitative values within the NCRP was computed in all cases. Correlation coefficients were generated between all imaging biomarkers evaluated in this study. Wilcoxon rank-sum test was used to compare the quantitative parameters in ADPKD patients and controls, and Bland-Altman analysis [25, 26] was performed to assess test-retest reproducibility of the quantitative techniques.
Renal blood flow (RBF) was measured from the 2D phase contrast images on an AW workstation. A trained radiologist (X) performed the RBF measurements. For each renal artery, measurements were performed three times, and the average value for each artery was used. ROIs were drawn at the border of the renal artery. In the case of multiple renal arteries feeding a single kidney, each artery was measured separately and the sum of the measurements was used as the total RBF perfusing that particular kidney.
Hemodynamic measurements
Mean arterial pressure was estimated from the measured diastolic blood pressure (DBP) and systolic blood pressure (SBP), where MAP~DBP + 1/3(SBP-DBP) [27] . Renal vascular resistance (RVR) was calculated as RVR~(MAP/RBF)*80 [28] . RBF was first normalized to body surface area (i.e., per 1.73 m 2 ).
Results
Traditional biomarkers
No significant difference between control and patient groups was found for many of the basic biomarkers measured in this study. Table 2 shows results comparing the control vs. ADPKD group. SBP, height adjusted total kidney volume (HtTKV), and cystic index were found to be statistically distinct between the two groups. No statistically significant difference was found for RBF (1080 ± 139 vs. 1090 ± 148 cc/min).
Quantitative MR imaging
The extensive quantitative MR imaging protocol was successfully performed in all patients and controls. Examples of traditional T2-weighted MR images of the ADPKD patients and their matched controls are shown in Fig. 1 . Fig. 2 shows examples of both conventional MR images (T1 and T2 acquisitions), as well as the quantitative MR image maps generated from MT, DWI, BOLD, and MRE for an ADPKD patient.
Reproducibility
Quantitative MR imaging sequences were found to be reproducible. The mean ± SD absolute percent difference between quantitative parameters measured >24 h apart (range from 24 to 210 h) for the whole kidney were as follows: MTI-derived ratio = 4.5 ± 3.6%, DWI-derived apparent diffusion coefficient (ADC) = 6.5 ± 3.4%, BOLD-derived R2* = 7.4 ± 5.9%, and MREderived tissue stiffness = 7.6 ± 3.3%. Reproducibility of the traditional MR-derived parameters was TKV 5.1 ± 3.2% and RBF 10.1 ± 7.8%. Fig. 3 shows the Bland-Altman analysis results comparing measurement percent change with the average of the two measurements, as well as the mean and 95% confidence intervals (1.96 9 SD).
Correlation
There exist a number of correlations between the biomarkers measured in this study, including quantitative MR measurements, HtTKV, and cystic index. Fig. 4 shows the correlation matrix for all the biomarkers including both control and ADPKD patients. Group measurements are shown as mean ± SD. Wilcoxon rank-sum test was used to test for statistical significance (p value). A p value less than 0.05 was considered significant (denoted with asterisk). Here both HtTKV and Cyst (%) were found to be statistically significant between the control vs. ADPKD groups. RBF is measured by 2D-phase contrast MRI. Cyst (%) is the percentage of cysts within the kidneys NCRP non-cystic renal parenchyma, BOLD blood oxygen level dependent, ADC apparent diffusion coefficient, DWI diffusion weighted imaging, PF perfusion fraction, D true diffusion coefficient, D* pseudo-diffusion coefficient, MTR magnetization transfer ratio, MRE magnetic resonance elastography Measurement of median MT signal of the whole kidney most closely correlated with HtTKV (r = -0.97) as well as cystic index (r = -0.89), suggesting that MT imaging can help characterize cystic burden of the kidneys, as shown in Fig. 5 . Also shown are the comparisons of cystic burden and HtTKV with the median value measured within the whole kidneys by BOLD (R2*), and DWI (ADC). Median R2* signal of whole kidney correlated with cystic burden (r = 0.76) and with HtTKV (r = 0.77). Also, the standard deviation DWI signal of parenchyma and whole kidney with cystic burden is 0.72 and 0.74, respectively. 
Quantitative parameters
Many of the quantitative parameters were shown to be significantly different between ADPKD patients and controls, in terms of NCRP measurements. Table 3 highlights these differences in NCRP regions between the control vs. ADPKD group. Compared with controls, the ADPKD patients NCRP had statistically significant differences with regard to having lower MTI percent ratios (16.3 ± 4.4 vs. 23.8 ± 1.2, p < 0.05), higher ADCs (2.46 ± 0.20 vs. 2.18 ± 0.10 9 10 -3 mm 2 /s, p < 0.05), higher D (2.35 ± 0.17 vs. 2.08 ± 0.21, p < 0.05), lower R2*s (14.9 ± 1.7 vs. 18.1 ± 1.6 s-1, p < 0.05), and lower tissue stiffness's (3.2 ± 0.3 vs. 3.8 ± 0.5 kPa, p < 0.05). Although it is not statistically significant, ADPKD patients NCRP also had lower perfusion fraction as measured by DWI (13.06 ± 3.8 vs. 15.1 ± 4.0, p = 0.2).
Discussion
This pilot study demonstrates the promise in evaluating quantitative MRI as a potential tool in the early evaluation and intervention in patients with early renal disease. The cohort of young ADPKD patients evaluated in this study is an example of a patient population where more data differentiating fast vs. slow progressors are sorely needed (i.e., young ADPKD patients with normal renal function). The results of this study highlight how quantitative MRI techniques can show differences in structural and functional changes of the kidney associated with ADPKD. These new MR quantitative techniques could be further explored as markers for disease progression in clinical trials evaluating medical treatments attempting to slow, or possibly halt, the disease progression in ADPKD patients at an early age before end stage disease takes hold.
High reproducibility of the quantitative measurements was obtained in the healthy group demonstrating that these techniques are reliable on a routine basis. The reproducibility in all four quantitative MRI protocols was comparable to, and in some cases better than, the traditional MR-derived biomarkers of TKV and RBF. Current techniques for measuring RBF require extensive user interaction-from choosing the imaging plane (double oblique), to manually segmenting the renal arteries and calculating blood flow using the 2D CINE images. We speculate that these considerations, as well as physiological variability, lead to less reproducibility in deriving RBF.
Statistically distinct measurements between ADPKD patients and normal controls were obtained by BOLD, DWI, MT, and MRE. BOLD imaging characterizes tissue oxygenation status, and in this study, we found a reduction in the BOLD parameter (R2*) which suggests tissue alteration possibly resulting from decreased vascular density and/or changes in tissue viability. Similarly, with DWI we found a reduction in the pseudo-diffusion component (which is a surrogate measure of tissue perfusion) as well as a reduction in the derived perfusion fraction, which, taken together, are compelling evidence for changes in vascular structure and function. The reduction in MTR (measured by MT imaging) likely results from sub-resolution cysts contributing to a reduction in signal (i.e., by partial volume effect) highlighting the possibility that MT imaging could be a better surrogate measure of cystic burden (e.g., compared with segmentation of cysts in T2-weighted MR images). Lastly, MRE found a reduction in tissue stiffness of renal Fig. 2 . Examples of traditional MR imaging in the top row: T1w, T2w, as well as quantitative maps (overlaid on the T1 scan) in the second and third row: apparent diffusion coefficient 'ADC' derived from DWI, 'MTR' derived from MT, 'R2*' derived from BOLD, and tissue stiffness map derived from MRE for one of the ADPKD patients in this study. The majority of the cysts are simple (bright in T2, dark in T1). However, one large cyst (bottom of left kidney) is likely proteinaceous. The similar appearance of all cysts in, for example, MTR makes for strong correlation of cystic burden with the derived parameters.
parenchyma in ADPKD patients compared with the controls likely related to decrease turgidity of the kidney with the known phenomenon of decrease in renal blood flow in ADPKD patients [15] . We also found that, compared with cortical measurements, medullary measurements were higher for R2*, lower for ADC, higher for PF, lower for D, lower for D*, lower for MTR, and higher for tissue stiffness (data not shown). How these parameters change with disease progression, disease severity, and capability to further refine disease prognosis needs further study.
No strong relationships were found for the derived quantitative parameters with basic characteristics such as age and weight. However, the young cohort used in this study (18-30 years of age) should not be used to rule out any relationships that may exist in a population with larger age variability. Studies with older patients and perhaps a higher number of patients are certainly warranted to address these potential relationships. For instance, very little fibrosis likely exists in these young patients, making aspects of MT and MRE (which can both provide information related to fibrosis) difficult to assess. There are several limitations of the current study. For one, the reproducibility of the quantitative parameters in symptomatic ADPKD patients or those with renal failure was not assessed in the current study. This is a pilot study and we recruited only age-and sex-matched healthy controls and asymptomatic young ADPKD patients. The objective of the study was to determine if quantitative MRI would be useful to detect early changes in the parenchyma. Also, knowledge of how the quantitative parameters progress with the disease, as well as inform on subsequent disease progression is not attainable by the current study. In particular, the sensitivity of these techniques to detect changes over short periods of time will be critical for identifying their utility in clinical trials. There are also a number of functional MRI techniques that were not explored in the current study but may also help characterize the ADPKD kidney. For one, arterial spin labeling (ASL) offers the opportunity to characterize renal perfusion and could inform on changes in vascular geometry and restrictions in regional kidney blood flow. Lastly, refinement of the current study protocol should be performed to identify the most informative imaging acquisitions in order to reduce imaging and analysis time.
Overall, little research has gone beyond total kidney and cystic volume measurements in the study of ADPKD. For instance, other structural features such as vasculature characterization and measurement of fibrosis are important areas of research which may provide a much clearer picture of the underlying structural changes occurring during the progression of ADPKD. These are details that quantitative MRI techniques can help us address. Therefore, a comprehensive characterization of the ADPKD kidney may be facilitated by MRI to characterize both structural and functional components such as TKV, cystic burden, cyst composition, fibrotic burden, vascular changes, and functional changes in perfusion, oxygenation status, and renal blood flow.
Conclusions
Quantitative MRI techniques are promising markers for renal disease and could provide additional insights into kidney characterization and disease progression in ADPKD patients. Larger studies are needed to further evaluate quantitative MRI techniques for assessment of renal changes occurring during the progression of ADPKD and evaluate their applicability in personalized clinical decision making. Conflict of interest T.L.K. declares that he has no conflict of interest. M.E.E declares that she has no conflict of interest. I.G. declares that he has no conflict of interest. M.V.I. declares that she has no conflict of Fig. 5 . Linear regression analysis for the median whole kidney value measurement for BOLD, DWI, and MT imaging techniques compared with both HtTKV (top row), and cystic index (bottom row). The first column is R2* derived from BOLD, the second is the ADC value derived from DWI, and the third is the MTR value derived from MT. Pearson's r is shown, as well as the p value. Gray shading is 95% confidence intervals and black solid line is the calculated regression line. Ethical approval All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
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